Abstract. This paper describes a new stereo vision system for 3D visual inspection. 2D visual inspection is a typical method to assess a structure visually for corrosion and cracks, as well as other irregularities. However, if we use 3D shape information in addition to the 2D pattern, we can locate defects more clearly and exactly. Stereo vision is a process of recreating 3D spatial information from a pair of 2D images and is one of the most difficult tasks in computer vision due to the ill-posed nature of the problem. We present a new practical stereo vision system, which incorporates a multi-line multi-layer algorithm with a method based on geometrical states in 3D space. In this manner, this system is robust to miscalibration, noise, and variable lighting conditions. In our experiment, the system was attached to an inspection robot and was used to search for weld defects on a metal plate. It showed good results from a pair of input images captured by CCD cameras.
Introduction
The strain caused by corrosion increases the growth of cracks. Cars, airplanes and several structures are exposed to the danger of cracks and corrosion, and have to be inspected to prevent accidents. Normally, these inspection methods depend on human vision.
We present a new real-time stereo matching algorithm that can support 3D spatial information on the surface of the target in addition to the 2D pattern for efficient inspection. It can give 3D information, which is attached to a mobile robot. This increases safety for the inspector as well as creating a more comfortable working environment by enabling the inspector to test visually from a remote place. Using some image understanding algorithms, [1] the areas without cracks, corrosion, or other detectable damage can be coarsely prefiltered. As a result, it can decrease inefficiency due to workers' fatigue and boredom.
A 2D image from a camera can be used to detect surface cracks and surface corrosion using a texture pattern, while the subsurface corrosion area can be detected by surface distortion, called pillowing. Therfore, we need surface shape information to find these types of corrosions. The subsurface can be detected by surface pillowing. Pillowing can be the status which increases in the skin surface height over a region suffering from subsurface corrosion. Our system supporting 3D information can be applied to this area more effectively to observe this characteristic.
As human beings can perceive spatial information from two eyes to detect dents, bulges, and depressions, etc., our system can calculate 3D distance information from two images in real time. When the stereo vision system with the varied camera angle is attached to the robot, large stereo matching errors may occur because of the epipolar line estimation problem from mechanical vibration, vergent camera rotation, etc. This has to be solved dynamically. In other stereo vision systems [2, 3, 4] , a pair of corresponding pixels in the right and left images can be searched only when a pair of stereo images are rectified. If the exact matching point is not on each scanline, a large error may occur. To decrease the error, a device that controls the position of the camera precisely or a preprocessor of rectification [5] can be used. Because it should dynamically estimate several parameters and models about the epipolar line, lens distortion, etc, this work is cumbersome [6] and can create more difficult
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problems. So we present an algorithm apt for VLSI that easily matches in real time without rectification. The total complex system can be implemented on one simple chip. Therefore, it is possible to design a small and simple, low cost system. We use a method that searches the pixel within several lines of one image corresponding to a pixel on the scanline of the other image. By extending the trellis based algorithm [7] , we designed a multi-layer system. Because total time complexity is O(N) for each scanline of N pixels, it is possible to process in real time.
Multi-layer Trellis Search Algorithm
In this section, we present a new trellis based algorithm apt for real time stereo matching without rectification. We simply assume that this system searches for the pixel within several lines of the left image corresponding to a pixel on one scanline of the right image. It can be changed conversely to the system for one line of the left image and several lines of the right image.
The observed image matrix G of N by M size and the m'th scanline m g is defined as follows:
Although the matching pixels of the left and the right images do not exist on the same m'th scanline, we can find the corresponding point by searching the adjacent scanlines. The maximum a posterior (MAP) estimate of the disparity vector d that we want to find is as follows: 1,i d that represents the real disparity and 2,i d that represents the information of the right image pixel 's scanline position corresponding to the left image pixel. The observed image is assumed to be the original image corrupted with iid (independent, identically distributed) additive white gaussian noise. The prior probability is based on a simple independent binomial distribution for the vector d . Taking the log-likelihood of Eq. 2 and manipulating it, we can eventually derive an energy function
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which must be minimized for each scanline. Here the first term is the matching cost and the second term is the constant occlusion cost γ determined by the parameter.
A new disparity solution space is composed of several layers, as shown in Fig.2 . The scanline g 1 + of the right image are the different inputs at each trellis. The trellis that receives each scanline of the left image and the right image is called a layer. Therefore, it has a multi-layer architecture. The multi-layer has the extended form of the single trellis that is considered in discrete center-referenced inverse projection [7] . It can be described in the graph form of the trellis in Fig.3 . The architecture of the three-layer trellis is shown in Fig. 3 as an example. It has additional connections compared with [7] . Applying Eq. 4 to the trellis, the MAP estimate is reduced to finding the best (i.e., lowest cost) path through the trellis. It traces the optimal pass at the total trellis and outputs the disparity. If a pixel of the left image is not matched in a scanline of the right image, the optimal pass is found at the upper or lower layer corresponding to the other scanlines of the right image. Fig. 3 . The multi-layer disparity trellis for N=2.
To find the best path through the trellis, the Viterbi algorithm can be used efficiently. Given an accumulated cost vector U and a decision matrixV , the algorithm to find the optimal disparity 1,i d is summarized as follows:
The notation (i,j,k) is used to define a node in the multi-layer trellis, where i represents the site, j represents the disparity value, and k represents the layer index.
Forward Initialization: At site
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. Backward Path Reconstruction: Find the optimal disparity by tracing back the path at each site i = 2N, …, 1.
The time complexity is O(N) at N size's each scanline because all nodes can be processed to parallel at each site i.
Subpixel multi-layer system
The subpixel multi-layer system consists of three multi-layer systems. Multi-layer1 is the multi-layer stereo matching system using only pixels, as explained previously. Multi-layer2 receives the pixels of the left image and the subpixels of right image made in the subpixel generator. Conversely, multi-layer3 uses the pixels of the right image and the subpixels of the left image.
That is, if the corresponding pixel is located within pixel size, the subpixel data between pixels is useful. The subpixel multi-layer system can decrease the stereo matching error, as shown in the experimental result.
Experimental Results
The performance of this algorithm was tested on a variety of synthetic and real images both in qualitative and quantitative manners. We compared the one-layer stereo vision system [7] that can use only rectified images with our multi-layer system in performance.
As shown in Fig. 7 and Fig. 8 , the original synthetic input images and the disparity output image, which is called a "wedding cake," are given using the one-layer system. The depth is denoted by the brightness level; i.e., it is brighter when nearer. In the following simulation experiment we will check the result of two synthetic images that are not rectified. That is, each synthetic image is made assuming poorly calibrated cameras. 
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Title of Publication (to be inserted by the publisher) Fig. 9 . The output of the rotated images. Fig. 10 . The output of the zoomed images.
The results are shown in Fig. 9 and Fig.10 , when one camera axis is rotated slightly, or one input image is slightly zoomed. Our system has only a small error compared to one-layer real time system.
We tested the system when one image is shifted incrementally to a vertical direction for quantitative experiment. The test result is given in Fig. 11 , using RDS (Random Dot Stereograms), image of Fig. 8 , which has the variance 5 of zero mean iid (independent, identically distributed) gaussian distribution and SNR 12. The one layer, the three layers, and the subpixel multi-layer system that considers the subpixel data are shown in Fig. 11 . Here DER (disparity error rate) represents the average of difference between ground truth data and output data in the N by M disparity image.
(8) Fig. 11 . DER versus y-axis in the several systems.
DER is relatively low in the one-layer system when shifted within 0.25 pixels, but it increases greatly out of this range. DER of the three layer multi-layer system has the minimum error in the point shifted by the pixel unit, but it makes a large error elsewhere. The subpixel layer system shows good characteristics below two DER overall. Title of Publication (to be inserted by the publisher)
As shown in Fig. 12 , we used the images that represent the weld and the metal plate. Using the disparity image, all the distances from the camera origin to the plate skin can be calculated. The disparity image's pixel is brighter when nearer. Fig. 12(c) is the disparity image in the mechanically calibrated case. Fig. 12(e) and Fig 12(f) are the output disparity images without the rectification when we move the right camera to a vertical direction slightly around three pixels. It is shown that the multi-layer of Fig. 12(f) has better result than the one layer of Fig. 12 (e) qualitatively because our system searches the corresponding pixels within several lines.
We can check bent shapes and subcorrosion symptom of plates in addition to the position, size, and shape of the weld using 3D data.
Conclusions
We presented a new real-time stereo matching algorithm that can support 3D spatial information on the surface of a target in addition to the 2D pattern for the efficient inspection. The system was attached to the inspection robot and used to search the weld and plate defects on a metal plate. It allows us to know the bent shape and subcorrosion symptoms of a plate more easily in addition to the position, size, and shape of the weld using 3D spatial data. A new algorithm was developed apt for VLSI that easily matches in real time without rectification. We use a method that searches the pixel within several lines of one image corresponding to a pixel of the other image to solve the epipolar constraint problem.
